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THE TIDES: WITH SPECIAL REFERENCE TO THOSE OF
FREMANTLE AND PORT HEDLAND.

By .
H. B. Currewis, B.A,, F.R.A.S,, Acting Government Astronomer.

INTRODUCTION AND SCOPE OF THE PAPER.
(Read Oect. 13, 1914.)

A short summary of what was known about the tides in early
times and a hrief reference to the main theories that have been
advanced to account for their behaviour will be given at the ountset
of this paper in order that there may be a proper understanding
of some of the points which are discussed in connection therewith.

As far back as the first century B.C., it was realised that there
was a dependence between the moon and the tides, but the reason
tor this connection was not known nutil the seventeenth centnry,
when Sir Isaac Newton explained it as due to the force of gravita-
tion exercised by the moon upon the waters of the ocean, and later
ot postulated that the sun must exert a similar influence.

Naturally Newton was not satisfied with the bare statement of
this faet but elaborated a mathematical theory which is known as
the “Equilibrium Theory.” It demands, in brief, that the tidal cone
of water should be under the moou--reference to the sun is omitted
because mention of it only complicates matters and makes a simple
explanation impossible—but the sun’s attraction has to be considered
equally with the moon’s. It was ecalled the Equilibrium Theory be-
cause the moon is supposed to act for an appreciable time upon any
single part ol the ocean and therefore that portion might be treated
as 1f it were at rest or in a state of equilibrium. It is rather peculiar
that the most trustworthy records then available, namely those of
Cadiz, clearly place the high water under the moon. However,
when Newton came to investigate the tides of the English coasts,
he found so many discordances to this necessary postulate that le
became dissatisfied with and mistrustful of his original theory,
though he never lived to make any material alteration to it. About
a hundred years later, liowever, Laplace formnlated his famous
Dynamical Theory which, as far as the then known tides were
concerned, brought about satisfactory harmony between theory and
actual fact. And yet, had tidal records from America, India, and
the southern hemisphere been available, it is highly probable that
the dynamical theory would never have been evolved, for the great
majority of these tides do not conform to it. Whereas tlie equilibrinm
theory does offer a reasonable explanation of what actually takes
place or at any rate enormonsly reduces the number of anomalies.
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- It is difficult to explain in a few words what is meant by the
dynamical theory, but speaking generally the position of the tidal
cone according to this theory depends mainly upon the rotation of
the earth upon 1ts axis, and the cone of water would be in great part
due to a heaping up of the water owing to centrifugal force and
would of necessity travel along lmes parallel to the equator. In
contradistinetion to this the equilibrium theory, as already mein-
tioned, demands that the cone of water is drawn up by the gravita-
tional attraction of the moon and sun.

This main distinetion between the two theories must be carefully
borne in mind, especially in the case of the Port Hedland tides, so
that the arguments in favour of the equilibrium theory may be
appreciated when these tides are examined in detail.

A glance at Plate VIIIL., Fig. 1, entitled “Diagram -explaining
Diurnal Irregularity,” will make one of the arguinents in favour of
this theory quite clear. The central circle represents the earth and
the shaded area an imaginary shell ¢f water—enormously exagger--
ated .in proportion to the size of the earth. The moon is supposed to
be at M, at its furthest distance from the equator and the maximmn
bulge of water is occurring nnder and opposite to M. Now 1t can
he readily seen that a port at ¥ where a high tide is taking place,
will be earried by the earth’s rotation on its axis, SN, through a low
water at [, to another high water at, H* and here, owing to its being
nearer to the major axis of the ellipsoidal shell of water, the tide
is higher than at F. As the moon approaches the equator, it carries
the tide-bnlge with it and the difference in height between the IL
and H' becomes less and less, uuntil at the equator it vamshes. It
should be further noticed that as the moon travels to the other side
of the equator, the H tide becomes higher than the H* tide. When
the tides of Port IHedland are examined it will be found that their
behaviour can be explained by reference to this diagram, and to a
lesser extent the action of the Fremantle tides. So much by way of
mtroduction.

Before, however, discussing in detail the Fremantle and Port
Hedland tides, a brief reference to the history of tidal observations
in’ Western Australia will not be out of place,

Tian OBSERVATIONS IN WESTERN AUSTRALIA.

" Probably on no coast in the world is there less exact knowledge
of the tides than on the coast-line extending from Wyndham in the
far north to Eyre in the extreme south-east, and therefore it will
not ‘be surprising to learn that satisfactory records have been taken
at .only "one port, namely Kremantle. :

-«-As far back 'as 1873 the Admiralty recognised the mmportance
of a knowledge of the tides on the Western Australian coast and
caused a series of observations to be carried out at Fremantle. The
work was. performed chiefly by -Staff-Commander Archdeacon, R.N.,
the officer: in charge of the Admiralty Survey of the coast and per-
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foree only extended over a comparatively short period, but long
enough to prove that the Fremantle tides were extremely interesting
from a scientific point of view and called for a series of observations
extending over many complete yvears before a correct interpretation
of their numerous anomalies could be given. In spite of this, how-
ever, on the discontinnance of the Admiralty work nothing further
i the way of tide-recording was attempted for many years,

In 1900, following on recommendations by Captain Irvine, the
Chief Harbour Master, and by Mr, Cooke, the Government
Astronomer, a number of Bailey’s tide recorders were purchased
and in the course of time gauges were established at Fremautle,
Bunbury, and Albany, and later on at Port Hedland. For a long
time the records from these gauges were stored away and put to
no use—the result showed what a mistake this was,

In 1911, however, a very progressive step was taken--—the ap-
pointment of a computer to undertake the compilation of these
records. The work was commenced at the Observatory under my
supervision, owing to absence of Mr, Cooke who was at the time in
England. A start was made on the Fremantle figures, which, as it
turned out, were the only ones that had been properly kept. When
the records from the other ports came to Dbe examined at the
Observatory, it was found for vartous reasons that it was impossible
to obtain satisfactory readings from them,

This was much to be deplored and only proves liow essential it
is that constant and expert supervision should be kept over work
of this nature. The figures obtained fromn the Fremantle records for
the vears 1908 to 1912 were compiled and finally treated according
to the method of harmonie analysis proposed by Sir George Darwin
and the one now universally adopted. A brief explanation of this
method and the results of the analvses appear at the end of this
paper,

Tar Port Hepraxp TipE Gavee axb RECORDS.

As already mentioned, the records taken at the above port were
found to be valueless, not only on account of the number of breaks
m the records, but because the scale of the Dailey tide gauge was
far too small and proved quite mmadequate for the registration of
sach a wide range of tide as is experienced at Por{ Hedland. Tt
was therefore decided to have a gauge of more suitable design con-
stracted, daud Messrs. Jones & Co., of Pertli, under the supervision
o Mr. Yeates, of the Observatory, were entrusted with the work.
The new gange—a photograph of which is reproduced (vide
Plate IX., Iig. 1)—departs somewhat from the wusual form
of tide-recording instrument, m that it is the peneil, and
not the drum, whiclt is operated by cloek-work. The drum
itself is  direetly attached to the tide-float and turns back-
wards and forwards as the float rises aud falls with the
tide. In order to eliminate wave action the float is free to pass
up and down an enclosed eylinder which at Port Hedland consists
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ot a heavy iron tube over 20 feet in length, weighing at least a ton.
In the photograph may be scen the cord, with weight (invisible)
attached, passing over the small pulley-wheel on the left, and con-
necting on to the pencil carrier which moves along two parallel
slides. Attached to the other side of the carrier is the other cord,
passing round the small wheel on the right, and thence up to the
clock—an ordinary “Ansona.” At the back of the clock it winds
round a cylinder fixed to an extension of the centre-arbor. As the
cloek gradually runs down, the weight draws the peneil carriagze
along the slide a distance of approximately twelve inches i the
twenty-four hours. A long chain, made from bieyele chaius, passes
over two gear-wheels, and atiaches to the float on the right-haud
side (neither float nor any portion of the well appears in the photo-
graph). The top gear-wheel engages in a small cog-wheel on the
end of the axis of the drum, and gives the rotary movementi to it.
It is so geared up that a foot rise or fall corresponds closely to half-
an-inch turn of the drmm. The chain passes down over a lazy-pulley
and is made fast to a counterpoise weight. The eylinder or drum
is fifteen inches long and six inches in diamewr. 1t is placed hori-
zontally on a solid stand beyond which one end of its axle projects,
engaging by the system of gear-wheels mentioned above upon the
eight-inch B.S.A, wheel.

In the majority of tide-gauges the peuncil is operated by the
float and the drum, with its axis placed either horizontally or verii-
eally, is driven round by clock-work. By introducing the above
radieal change in the Port Hedland gauge a more casily decipherable
tide cnrve was ensured and a distinei improvement in the adjnstment
of time was expected. TFor it can be readily understood that it is
not necessary to depend upon the cloek which draws the pencil-
carriage along, for the time. This is marked on the sheet at the
beginning and end of a day’s run, and may be obtained from the
local post-office. The sole purpose of the clock 1s to give uniform
motion to the pencil, and so long as its rate does not materially vary
during each twenty-four hours it is possible to fix with great
aceuracy the exact instant of any point on the tide curve. Thus, if
{he sheet were put on at nine o’clock and taken off at the same time
next morning, then it is only necessary to divide the horizontal line
between these two marks into twenty-four equal parts and we have
every honr of the day marked ou the sheet. Two examples of the
tide curves registered at Port Hedland on this instrument are re-
produced (vide Plate 1X., Fig. 2, and Plate X.) to show what a clear,
widely-spaced trace is obtained. It must be borne in mind that they
are on a scale considerably reduced from the original sheets, which
weasure thirteen inches in length; the height being correspondingly
mereased. Ineidentally, the photographs are examples of “spring”
and “neap” tides respectively and clearly indicate the marked differ-
ence between the two types. 1t will be noticed that the high waters
appear at the bottom of the sheets, which is rather confusing, per-
haps, but owing to the nature of the gauge it cannot be avoided.



The records for the year 1913 have been tabulated and analysed;
the tidal eonstants thus evolved appear at the end of this paper.

Before leaving the Port Hedland tides it will be interesting
and struelive to examine in detail the tidal {race for the month
of June, 1913, of whiech a eopy s reproduced (wide Plate XI.).
It should be explatied that tlns is not an absolute copy but is
plotled-from the actual times and heights obtained from the original
sheets.  This procedure was adopled in order that the eonfusion
resulting from the high water appearing at the bottom might be
obviated, for in plotting it was qmite a simple matter to arrange this
without m any way altering the curve,

1t will be notieed that the enrve 1s divided into four parts, each
parl representing the record for one week. Thus the fivst line
commences al ¢ a.m, on the first (Snnday) and finislies at 6 aan. on
the following Sunday, while the sceond line eommeneces where the
first hne terminated, vamely al 6 a.m. on Sunday (8th) and so on
with hnes three and four. The enrves for the corvespondmng days
of the week are thus found in the same veriical lme. The herght
seale 1s shown af either end and runs from 5ft. to 25f1.  Only the
cven hours of the day and night are marked along the top—“Day
127 being woon, while “Night 127 stands for midnight and the eomn-
menceinent of the day.  Along the 25ft. line the approximate times
of transit of the moon for the meridian of Port Hedland are noted
with short black Ines, the lower transits heing distingmished from
the npper by small extensions at the bottom of the line. Along this
line the phases of the moon are also shown, the black spot standimg
for “New Moon,” the spot darkened on the right-hand side bemng the
“IMivst Quarter,” the white spot “Full Moon,” and tle spot darkened
on the left-hand side vepresenting “Last Quarter.” Along the 5ft.
lime the day on wlhieli the moon was furthest north, on the equator,
and furthest south iz nrarked, as also the times of “Perigee” and
“Apogee,” namely when {he moou was nearest and farthest away
from the earth.

The fivst siriking peeculiarity noticeable 1y commeetion with these
tidal enrves s the difference between the two high tides or the two
low tides of each day. In nearly every instance the night tide is
from six nelies {o almost two feet lower than the day tide. Refer-
ence to the diagram “Diurnal Trreguolarity,” Plate VIIIL., Fig. 1, will
explain Irow this comes abont.

Continuing the nvestigation and bearing in mind the changes
i position of the ellipsoidal shell of water resulting from alterations
m the moon’s position, it will be found, as would be expeeted, that
when the moon is at its greatest distanee north or south of the equator
the maximmun difference between alternate high waters oceurs,
amounting to 1ft. T0in, and 1ft, Gin. on June Gth and 19th respec-
tively and movre than that, the highest of the two falls on the 6th
when the moon was between one and two days old and eonsequently
the two bodies, the sin and moon, would be close together when
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-passing the upper meridian. This point lends additional weight to
the equilibrium theory under which, as T have stated before, the cone
of water attempts to place itself under the sun and moon and aceord-
ing to which that tide would be greatest which is directly under and
not opposite to the two bodies—mnotice how the tides of the Gth con-
form to tlns argument. And if these tides are compared with those
of the 19th additional weight 1s given to the theory from the faect
that on the 6th when the sun and moon are both north of the
equator, the tide is higher than on the later date when the sun is
north but the moon south,

Another feature of the tides, familiar to everyone, namely its
daily retardation, 1s also eclearly brought out. Just as the moon,
owing to its movement eastwards along 1its orbit, rises later every
day, so the tidal cone, since its progress 1s governed in great parg
by the moon, suffers retardation. The mean retardation of the moon
for these 28 days in June amounts to 50 minntes and for the same
period the tidal retardation works out at 49 minuates, This agree-
ment is very striking and proves liow closely the progress of the
tidal wave depends upon the moon. Turning to the tide eurves for
June ounce more and noting the times at which the alternate high
tides oceur, it will be observed that on June 1st the high fide took
place at 8.15 a.m.; on June 2ud at 844 a.m.; on June 3rd at 9.48
aan.; on June 4th at 10.16 aan., and so on—the crest of the morning
wave gradually becoming later every day, until by Jnne 15th the
setardation amounts to over 12 hours, and naturally the high tide
which oceurred in the morning on Juie 1st has now become on the
15th the evening tide. Tt will also be noted that tlie tunes of high
and low waters on the 15th are very nearly the same as on the 1st.
1f the cruve could be followed to the end of the month, it would
be found that this evening tide hecame in turn the morming tide of
the 29th.

' From all this it will be seen at once that so far as the times
of high and low water are concerned the tides repeat themselves very
closely every fortnight, or, more exacily, every half of a lunation.

Other interesting features come to light on mspecting the enrve.
Thus, during the first fortnight, the range of tide was greatest on
the 6th and 7th—the largest variation in level between consecutive
high and low waters being 18 feet, namely between the mid-day
high tide and the afternoon low tide; while the smallest variation
oceurred between the eveming high tide of the 14th and the morning
low tide of the 15th, when the difference amounted to 714 feet.
From this time on the range increases until the 19th and 20th, when
it was approximately 17 feet and then it begins again to diminish,
reaching a minimum of 5% feet on the 28th,

A glance at the moon’s phases shows that 1t was “New” on the
5th and “Full” on the 19th, while “First and Last Quarters” fell
on the 12th and 26th respectively. The tides which oceur about the
time of new or full moon are termed ‘“spring” tides, while those
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whiell happen near the time of first or last quarter ave called “neap”
tides. The information that has just been obtained from the curve
clearly diseloses the relationship existing between the spring and
neap tides and the phases of the moon.

Still another point must be noted: the tides of the 10th, ronghly
a day before “First Quarter,” are higher than those on the 25th,
a day before “Last Quarter”; whereas, eonditions being the same,
tides of the same height wonld have been expected. The reason for
the discrepaney 1s not hard to find: on the 10th the moon was mn
perigee or at its nearest distance to the earth, while on the 25th it
was 11 apogee or further from the carth than at any other time
during the month, and hence the moon’s attraction on the 25th would
be less than on the 10th and consequently the tides would be lower.

Summarising what has been so far disecovered from an examina-
tion of these Junue eurves, the eonnection between the moon and the
tides has been demonstrated bevond doubt. It has been clearly shown
that the height or range of the tides depends chiefily upon the phase
of the moon and in a minor degree upon the distance of the moon
from the carth. The highest tides of all would therefore be expected
when these two causes act together, namely when new or full moon
oceurs at a fiume wlen the moon is also nearest to the earth or m
perigee.  To verify this, it will be necessary to run through the
wlhole vear's records and pick out the readings on the days when
the above coincidences take place. The following dates, picked out
at random, must suffice:—On September lst the moon was “New”
and nearest to the earth, the high water was 26ft. 9in, and the low
water 3ft. 11in.; while on the 15th, when the moon was “Full,” the
tide only rose to 25ft. and fell to 5ft, 1in., but on this date the moon
was in apogee. Again, on February 7, new moon oceurred at apogee
and the tides were 24ft. 4in, and 6ft. 3in, high and low water respee-
tively. With which contrast the 21st, the moon heing “Full” and 1n
perigee, when there is a high tide of 27ft. and a low of 4ft. 7in,
according to the tide trace. It should be remarked that owing to the
tide gauge being about 9ft. above the datum line, this quantity must
be taken from the readings given to obtain the exact height of the
water level.

The relatiouship between the tides and the phases of the moon
would at onee prove that the sun, even if the fact were not already
known, plavs a very important part in tidal phenomena, and an
examination of the constants for Port Iedland at the end of this
paper shows that the inean solar is responsible for a tide about one-
third that of the mean lunar. And this is exaectly what we would
expect from theoretical reasoning. It can be understood in a general
way when it 1s realised that the tide-generating force varies directly
as the mass and inversely as the cube of the distance of the tide-
generating body.  Thus, although the sun is enormously larger than
the moon, its tide-lifting foree is only one-third that of the moon.
It is quite easy to demonstrate this from the known distances and
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masses of the two bodies. Full information on this point and many
otliers dealing with the tides can be obtained from almost any text-
;.I3001{ on the tides, and perhaps for preference The Tides, by G.
'H, Darwin. Without, however, going into these points it will be
<een from the curves that at new and fuil moon when the sun and
ool are in line, the maximmumn tides oceur and are known as
~¢Sprines”; while at first and last quarter the fidal range 1s only
.about one-third that of the springs, and these are called “Neaps.”
Under ideal conditions this would probably apply bnl in praciice,
sas in the Port IHedland tides, the spring and peap fides ocenr one
wr two davs after the changes of thie moon. Referenee has already
‘heen made to good examples of spring and neap tides in October
(wide Plate IX., Fig. 2, and Plate X.). At the time of the Liquinoxes
the highest springs and the lowest neaps of the year will generally be
found. The ready explanation being that the sun 1s then on the equa-
itor and consequently the new and full moon must be on the equator
also, and thus towards the end of Mareh and September the highest
tides may bhe looked for simply because the two great tide-génerating
hodies are exerting their respeciive pulls along exactly the same lme.

So far these tidal eurves have borne out what would be expecled
to take place according to the Kquilibvium Theory except that the
height of the tide is considerably ereater than what would be looked
for under ideal conditions, There are, however, a number of factors
whieh singly or eollectively would account for this apparent anomaly,
The chief of which would be, firstly, the depth of water; secondly,
the speed of the wave—ihis is simply a corollary of the first; thirdly,
the configuration of the coastline, and fourthly, the direction of ocean
currents caused by the carth’s rotation and by the distribution sel
up bv the difference in temperaiure between eqnatorial and polar
waters. (There are probably other causes, but these must suffice.)

Now it is a fact well known to everyone that an ordinary ocean
roller eradually becomes steeper as it approaches a shore which
shelves upward—Cottesloe Beach for instance. And so with the tide-
“wave: i1 the open ocean it has a maximum of about three feet, but
- when the ocean bed shelves upwards, then the beight of the tide-
wave is increased, The shallow, shelving ocean floor along the North-
- West coast is undoubtedly (he main cause of the high tides there.
At many places the height is still further angmented by the shape
of the coast-line, as for instance at Derby, situated at the head of
King Sound, where tides of 36ft. occur, However, there is not
sufficient data available to adequately discuss the reasons for the
high tides along the North-West and IKimberley coasts,

Returning once again to the tide-curve for June, at first glance
the crest of the wave or high water ecomes fairly well under tli
moon, namely, coineides with the moon’s transit at new and full, as
the equilibrium theory demands, and gradually lags behind as first
- and last quarter is approached. A closer inspection shows that the
- high water is twelve to nine hours after the moon’s transit. If
3)
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figures from other ports on the coast were available, 1t wounld
probably be found that this interval between the moon’s meridian
passage and the tune of high water varied widely—so widely {lhat
1t would seem impossible o recoucile the equilibrimm theory with
the discordant results, However, the four fuctors Just mentioned
wonld be duite sufficient to account for all the different intervals
that may exist, and henee 1l 18 nol fair to say that the theory breaks
down hecause the evest of the wave does not ocenr approximately
under the sun and moon at all places about the time of new and full
moor.  In conneetion with wave transnnssion it 1s worth remember-
ing that a wave travels faster in deep water than in shallow, and
nence the lag of the tide-wave belund the moon must vary direeily
with the different depths of the oeean along the coasl. At sowe
future time, when the importance of tidal work has been recognised
i Western Ausiralia and observations talken at all the ports, a cowm-
plete discussion it is hoped will bhe undertaken.

The time that clapses befween the moon’s meridian passage and
high water is termed the Luni-tidal [nterval, and if these intervals
are plotted, using the moon’s meridian passage as an argument, a
curve results whieh 1s known teehnmieally as “The True stablishment
of the Torl.” Plate XTI, Tig. 1 shows the Establishment for Port
Hedland. To wmake use of the diagram the Gime of the moon’s (ransit,
faken from the Nautical Almanae, is noted on the top or bottom line,
and then the point on the emrve vertically above or below. TFrom
this point the horizontal line is followed to the time scale on either
side, gaiving the lnni-tidal imterval, wlieh, added to the tiine of moon’s
transit, gives approximately the time of high water. To obtain a
more accurate result eorrections for he sun’s position, the moon's
declination, and the time of the vear must be added.

11 stands to veason that this rough and readv method is only
applicable at places where the tides ave fairly regnlar; it would
break down in cases where the tides are nregular or do not depend
in the main upon the moon, Thus at Fremantle, as will be fonnd
later on 1 this paper, it would be mmpossible to determine any
defimfe cnrve.

Just as a rouglh rule for finding the time of high water ean be
made out, so v thte same wav curves ean be drawn, having the moon's
meridian passage as argument, from whieh the approximate heights
may be estimated. Thus Plate X11., Fig, 2 provides a means of fund-
g the height of Tugh and low water and consequently the range of
the tide at Port Hedland.

Ture Freiarantne Tipes,

Turning now to the Fremantle tides it will be found that the
matter becomes very much more complicated aud not nearly so easy
of elucrdation. As menlioned above it is impossible to make a curve
of the Inni-tidal intervals; nor i1s it possible to show on a diagram
the height or range of the tide depending upon some detertinable
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argument. I{ will be found from observations that there is no such
thing as spring or neap fides as would be naturally expected. In
faet, there arve few places 1 the world where tidal complications
are so pronounced as at IFremautle. [ eannot do better than repeat
some of the remarks that I made when publishing the Fremantle
tide tables for 1913.

They (the I'remantle tides) are not marked by the comparative
simplicity that obtains in the tides of British and Furopean waters,
where 1 many cages the interval elapsing between successive meridian
passages of the moon and the time of high or low water is almost
invartably a cousfant quantity or closely approxnmates to sueh aiud
where the heights of consecutive high waters and of consecutive low
waters follow a fawly constant law, but on the contrary the differ-
eices 11 heiehts and the inequalities of snccessive iutervals appear
to the casual glance to be governed by o fixed law, but seem to be
as variable and capricious as the weather. This peculiarity ean very
probably be accounted for by the disturbing influences of the wind
and weather on the comparatively small range of tide prevailing at
Fremantle whieh, except at certam short pertods during each month,
when 1t exceeds two feet six inches, rarely averages more than
cighteen inches, thos should a strong easterly or nor’-easterly wind
be blowiie the theoretical time of high water 1s almost certain to
he delayed and tihe hewght alzo dimimshed., On the other hand, the
sou’-wester or sea breeze banks up the water to a greater or less
degree, dependent upon its mtensity, accelerating the time of high
water, avgmenting its height aud prolonging its duration.  This
would be especially noticeable durng a westerly blow, and the ex-
ceptional heiglit often reaclhied by the tides during the winter months
is almost solely due to thie banking up of the water against our
western coast line; although n this connection, it must be remewm-
bered that the great tide wave which travels along the South coast
of the continent from east to west is retarded by a westerly wind,
and its height necessarily inercased, and consequently there occurs
an additional banking up of the water of the ocean off Cape Leeuwin,
whieh makes its effect fell fo a greater or less extent northwards.

These reasous explain why a coutinued and perhaps exception-
allv high tide often heralds the approach of a cool change in summer
or of a Nor'-West storm 1 winter.  In this respeet 1t must be borne
1 nind that the ocean is affected by atniospheric pressure to a slight
extent, the surface of the sea rising with a low and falling with a
high barometer. Theoretically there is an alteration of level corves-
ponding {o one ueh for every one-twentleth ineh of mereury,

But it must not be imagined that the absence or elimination in
gsome wayv of these disturbing elements would cause the Fremantle
tides to he wmarked by the same regnlar law or laws that appear to
prevail i the case of (hose in Wuropean waters. On the countrary,
tt 18 almost safe to say that their peculiar irrvegularities would be.
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Just as mueh i evidence. The nse of the words “peenliar irregn-
larities” 1 connechion with them is, perhaps, inacenrate, and is only
Justified by conrparison with fhe tides ol the North Atlantie, which
are reatly exceptional in thewr simpheity.  There are probably many
othier ports in the world whiere the fides are just as nneertain,

Althongl the tuni-tidal interval, namely, the (hme that clapses
between the moon™s meridian passage and the following high tide,
15 subjeel 1o every possible variation, o sueh an extent that uo
relianee can be placed npon this wicthod of prredicting the time of
lagh or low water, still an examination of the Fremantle tides bring
sonte mleresting fealures o light,

Thus when the moon is in Perigee the tides are invariably
higher and the wnge greater than in Apogee.  This is only fo be
expected, for is altractive Toree 18 then at a maximum.  So in this
respect, al all events, the Fremantle tides couform to the generally
recognised Taw,  Ou thie other hand, we might expeet to find some
vegnlar sequence of ehange existing befween the fides and the phases
ol {he woon, bul a comparison hetween (he times and lieighis of
high and Jow water with the age of the moon fails to disclose iy
exishing connection, in {aet, il only still further serves {o empliasise
the complications  present in {he fide-governing  forees, and 1o
demonstrate the dilliculties likely to be met with in an attempt to
acewmately explim them.  For the greatest and least ranges oceny
hoth af the change and full of i(he woon alike.

It should be noted i ihis comparvison {hat. al aboot the {ime
ol first quanter and again al last quarter the dinrnal tide, namely
one high and one Tow dnring the dary, 1= almost mvariably in evidenee,
It also way be faken as a general anle that the highest {ides and
ercatest vange ocemr abont the time ol moon’s first gquarler, although
(his sometimes breaks down. AL ihe time of full or new moon ihe
semi-dinnmal dides often make theiv appearance, navked by sall
range and gveal nregulavity.  But it somelimes happens, us men-
froned above, that the liighest tides and the ereatest range (ake | haen
ab these times, with the alnost cevtain prevalencee ol o diwrnal tide,

A comparizont, however, with the moon’s position in declination
shows thal when the moon is on the Eqguator, the least range oceurs,
the variatton in water-level heing ahont oune foot, and also greal
regntarity i the times of high and Tow waler s apparent.  Very
ittle relinnee can be placed wpon the fidal predietions at this period.
Often Tor gnife a considerable length of time the waler remains
wichanged e level, The semi-dinemal tides, nanely, two highs and
iwo Jows during fthe {wenty-fowr hours are also in evidenee, bul
the sceondaries arve sometimes barely  perceptible, the  differenee
between the heights ol this inlerior high and low water betng only
A lew mehes,

As the moon moves North or South of the Equator, the vange
aradually inercases and ihe tidal cwrve becomes regulauly dinrnal
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in character. More dependence also may be placed upon the pre-
dicted times as the moon’s distance {rom the Kquator creases.

C'ontrary to what might be expected the highest tide and greatest
range happen when the mooun 1s at its farthest North point, and not
at its greatest Soull declination, when the moon would he almost
directly over Fremantle, and would thus be in a position to exercise
the maximum attractive force on the water.

1t may be stated, therefore, with some degree of certainty, that
the Fremantle tides depend to a large extent upon ihe moon's
declination, and from its position the range of tide may he gauged
fairly accurately, but the irregularity in the oceurrence of successive
highs aund lows, although most marked when the moon 1s on the
Equator, is still to be expected when the moon attains her greatest
North or South declination.

On Plates XI1!. and NIV, copies of the Fremantle tides for
June and October, 1910, have been plotted in the same way as the
Port Hedland curve for June, 1913, shown on Plate XI., so it is nol
necessary to repeat the explanation of the different lines and figures.

The first thing that strikes the observer 1s the unevenness of the
trace compared with that of PPort Hedland. The same gradual rise
and fall of the water level is absent and in addition there 1s generally
only one high and one low during the twenty-four hours. This
affords perhaps the most striking difference between these two tides,
for whereas the itdes of the northern port are almost without excep-
tion semi-diurnal, namely two highs and two lows every twenty-four
hours, those of Fremantle are, as just noted, dinrnal. The semi-
dinrnal sometimes puts in an appearance but it is only a very half-
hearted attempt. A close inspection shows that some of the argn-
ments in favour of the equilibrimm theory hold even with these
tides, but they are not nearly so self-evident,

It will be noticed that in June, when the tides are diurnal, the

high water seems to follow the sun by an hour or so, and consequently
the low tide occurs at night, but this is not invariably the case, for
a glance at the October trace shows that, when distinet dinrnal tides
take pluce, the high water oceurs at night.
‘ 1u order that the effect of the weather upon the tides may he
appreciated, along the bottom line for each day the barometer read-
e and the wind with ifs velocity are inserted, The north-west and
west winds, which along the west coast generally spell storiny cou-
ditions, will be found to cause an appreciable uplift of the water
level; for an example of this notice the abnormal heights of both
high and low tides from the 5th to the 8th and again on the 26th and
27th, The same resull is apparent in Oclober, especially on the 161h.
And many of the other points in the main remarks on the Fremantle
tides may be verified by reference to these charts, but nothing of the
same convinelng nature is brought to light as in the case of the Port
Hedland tides.
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Tivat COMPUTATIONS AND PPREDICTIONS,

A bnel explanation of the method of analysing the figures
obtained trom the records and of making out predicted tide tables
for any place will constitute a fitting conelusion to this paper,

Fivst ol all from the remarks that rave already been made when
explaming the “Estabhshment of a Port,” it ean be perhaps reahsed
that it would be unpossible to calenlate a tide table for any port
nnless observations had been taken there beforchand.,  This is a
point that is overlooked by wany people and only goes to prove lhow
tnadequate all the theories of the tides really ave.  From the tide
ciirve, whielr for preference shonld consist of a complete year start-
ing from Januavy 1, though this 1 not absolutely necessary, homrly
readings of the heights arve extraeted and summed 1 various ways,
The fignres resulting from this snntmation are then analysed with the
object of determining the actual semi-range of eacli tide and ifs
phaze at some defimte epocel.

A Dbrief digression must be made here to explain this last stafe-
ment.  Owing {o the eartlt’s revolution round the sun, the earth’s
rolation on itg axis and the moon’s revolution vonnd the eavth, the
two trde-generating bodies, the sun and moon, are continnally ocenpy-
iy different positions, nol only with regard to the earth but also
rehatively o one another.  And turther, owing to the eccentrieities
ol the orbils of the carth and moon, the moon moves at varying
spreeds round the carth, while the Tormer travels at changing rates
routnd the sun, or in other words the sun appedars to do so. Realisiny
what tlns means, some idea of the difficulties to be overcome in a
colution of a tide table For any port may be betier imagined than
deserihed,

i the cartl’s path round the sun were cireular and the moon’s
motion enite regular, then the predietion of tide tables would be a
comparalively casy problen.

And yel it was by applying this pnineiple that Sir George
Darwin overeame the dillienlty wet with in Nature.  Ie split up the
sun ad moon, as it were, into a nmmber of small bodies and imagined
cach one to be travelling at a certain fixed rate round the earth. The
rroblem then simply resolved itsell into finding the tide produced
by each of these imavinary boidies.  And, therefore, keeping this
ol v aniad, the actnal curve traced Trom day io day by the tide-
cangoe | enell may be considered to resnlt. from the eombmation of a
number ol separate enrves drawn by peneils travelling aloug  al
different veloeities and ecach one moving (hrough diflerent heights
or ampiitudes,  The gnestion 1 thns redneed to one of simple har-
monie motion antd a glance at Plate V11, Fig. 2, will explain this.
Let the point P wove reeularly vonnd {he eivenmference of a eirele
and let perpendienlins be continnaily dropped npon a fixed diameter
DD Then ag P moves round the eicle, A will move up and down with
a speed varving from zero at either end of the diameter to a maxi-
miun at ihe contre. This movement of M is called “Simple Harmonie
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Motion” and, if the length of the diameter and the position of P,
measured by the angle MOP, are known, then the distance of M
from O can be computed,

Now, applyving this reasoning to the solution of any one of these
simple tides:—The speed is known and therefore the rate at which
P travels round the cirele.  For example, the main solar tide 1s
eansed by a sun moving uniformly round the equator at the rate of
15° per hour, namely 360° or once round i one day; the maiun lunar
by a moon moving iu the equator at the rate of 14.4° per hour,
namely 360° in 25 hours; while the rates of the other fietitions tides
are oiven in the tables of constants. For each tide the semi-range
is determined and therefore the diameter of the cirele is knowu. The
;" hase or angle MOP is worked out for a certain epoech—=ay January
1st, Ohrs. Then from the known speed the alteration of the angle
MOP, after avy interval, ean be estimated and, knowing this angle,
the height OM for any instant can be found for each tide.  The
algebraical sum of all the tides gives the resnlting height of water.

This same principle is elaborated in the construetion of tide-
predicting machines, except that the procedure iz reversed.

Analyses of the figures for 1908-12, Fremantle, and 1913, Port
Hedland, were completed at the Observatory and appear in the
following table :—
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An examiuation of the above figures shows that the Fremantle
tides are mainly controlled by the two dinrnal tides, KX and O, and
that the ordinary semi-diurnal lunar and solar ones are comparatively
unimportant. This, of course, accounts for the tides being generally
dinrnal, It should be pointed out that the two tides, IX and O, are
not exactly diurnal but nearly so, their periods bemg 23 hours 56
minutes and 25 lhours 49 minutes respectiveiy. This gives oue of
the reasous for the wrregularity of the Fremantle tides.

With regard to Port Hedland, it will be seen that the mean launar
and the mean solar quite overshadow all the other tides, and hence
the semi-diurnal character of these tides 1s not surprising,

The diurnals K and O ave next in nmportance but are so small
that they ouly have a chance of making their presence felt about the
tune of first and last guarter of the moon and are only partially
successtul.

It has only been possible to analvse the records for this one
vear, for the simple reason that fhe services of the tide-computer
have been dispensed with, and consequently the work of collecting
the Lourly readings and performing the preliminary computations
has come to a standstill. This is a very great pity and should be
remedied as soon as possible, The subsequent year’s records are
urgently awaiting compilation and in addition observations should
be extended to other ports, in the tropies at all events, in order that
tide tables from them should be available to shipping.




